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In this study, we present a new method for evaluating animal evolutionary relationships. We used
the GC% levels of genome-wide genes to determine the correlation between the GC% content and
evolutionary relationship. The correlation coefﬁcients of the GC% content of the orthologous genes
of the paired animal species were calculated for a total of 21 species, and the evolutionary branching
dates of these 21 species were derived from fossil records. The correlation coefﬁcient of the GC%
content of the orthologous genes of the species pair under study served as an indicator of their evo-
lutionary relationship. Moreover, there was a decreasing linear relationship between the correlation
coefﬁcient and evolutionary branching date (R2 = 0.930).
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The GC% contents of animal genomes have been well-studied,
especially after the discovery of isochoric structures, which were
conceived as long genomic regions homogeneous in their GC com-
position. In fact, the genomes of mammals are mosaics of isochores
[1]. These isochores provide information on the structure of the
genome and its functions. Isochores, which are characterized by
different GC% contents, are closely associated with basic genomic
properties such as gene density, gene expression, replication tim-
ing, and recombination [2,3]. It may be possible to determine the
evolutionary relationship of these animals by indirectly comparing
their isochore patterns [3]. However, it should be noted that isoch-
ores in the genomes of cold-blooded vertebrates show remarkable
differences from those in the genomes of warm-blooded verte-
brates [4]. Therefore, it may be difﬁcult to ﬁnd a clear evolutionary
relationship based on isochore patterns. Apart from the isochore
pattern, structural analysis of the genome and studies on genomic
parasites, gene and ancient genome duplications, polyploidy, and
comparative genomics may provide some clues on evolutionarychemical Societies. Published by E
e), xnwang@scut.edu.cn (X.relationships [5]. Jaillon’s study [6] revealed the relationship
between humans and teleost ﬁsh at the genome level. However,
none of the currently available methods can clearly deﬁne the evo-
lutionary relationship among animals. Moreover, the date of the
branching points cannot be determined by these techniques.
Phylogenetic analysis is widely used to examine evolutionary
relationships. The molecular clock hypothesis allows determina-
tion of the time of occurrence of events such as speciation. By using
this method, evolutionary trees can be constructed and the dates of
their branching points can be determined. However, dates ob-
tained by the molecular clock hypothesis need to be calibrated
against material evidence such as that obtained from fossil records
[7]. The rate of evolutionary change differs in genes/intergenes and
genome parts under low selection pressure (0.7–0.8% per MYR in
bacteria, mammals, invertebrates, and plants) or under high selec-
tion pressure (1% per 50 MYR) [8]. Since we can only use several
different DNA regions to calculate the time at which speciation oc-
curs based on the molecular clock hypothesis, these regions may
not be representative of the entire genome. More importantly,
the molecular clock hypothesis is inﬂuenced by many factors such
as changing generation times, population size, species-speciﬁc dif-
ferences, evolving functions of the encoded protein, and changes in
the intensity of natural selection, in which the species-speciﬁc dif-
ferences and changes in the intensity of natural selection could
also inﬂuence the GC% content of global genes as well. All of these
factors can limit the applications of molecular clock models [9,10].lsevier B.V. All rights reserved.
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point of the tree of life on the basis of the molecular clock
hypothesis.
In this study, we tried to determine the correlation between the
GC% content and evolutionary relationship among species. Since
genes are more conserved than other parts of the genome and gene
evolution is related not only to molecular evolution but also to
genome evolution, we calculated the Spearman, Kendall and Pear-
son product-moment correlation coefﬁcient of the GC% content of
the orthologous genes of the animal species pair in order to evalu-
ate their possible evolutionary relationship. Finally, we tried to
establish a relationship between the correlation coefﬁcient of the
GC% content and the branching point based on fossil records.2. Methods and materials
2.1. Obtaining the gene dataset of 21 species
Of the species whose entire genome has been sequenced, 21
species were selected. These 21 species are typical in terms of their
taxonomy or order, and fossil records from their ancestors are
available, which can serve as indicators of their evolutionary his-
tory. These are as follows: human, chimpanzee, monkey (Macaca
mulatta), dog, cat, cow, pig, horse, mouse, rat, rabbit, elephant,
opossum, platypuse, chicken, Reptile (Anolis carolinensis), Amphib-
ian (Xenopus tropicalis), stickleback, medaka, pufferﬁsh, and zebra-
ﬁsh. Most of these are important animal models. All gene data of
these 21 species were downloaded from the Ensemble genome
database (Ensemble 55 build; the pig genome was from 56 build).
This produced 21 original datasets, which contained the informa-
tion of Ensembl Gene ID, Ensembl Protein ID, Associated Gene
Name and % GC content and so on.
2.2. Comparing and combining the orthologous gene datasets
Pairwise comparison of the original datasets of the 21 species
was carried out. The SAS system (Statistical Analysis Systems Insti-
tute Inc., Cary, NC, USA) was used to select records that had the
same ‘‘Associated Gene Name” and to combine two datasets to cre-
ate a new dataset. By this method, 210 pairwise gene datasets were
obtained. The gene records that owned the same ‘‘Associated Gene
Name” and belonged to protein coding genes remained in each
pairwise dataset. Finally, these genes in each pairwise dataset were
veriﬁed as orthologs for each pair of species by InParanoid [11].
2.3. Calculating the correlation coefﬁcient of the GC% content
Each pairwise dataset contained two groups of gene samples
that belonged to two species. Three methods, Spearman, Kendall
and Pearson correlation coefﬁcient, were used to estimate the cor-
relation of the GC% content of the two groups of gene samples.
Moreover, to evaluate the effect of the number of orthologous
genes on the correlation coefﬁcient of the GC% content, we carried
out random sampling of the orthologous genes of the pair of
species under study. Ten percent of all orthologous genes were
randomly sampled 1000 times by R program (http://www.R-pro-
ject.org/), and these were used to calculate the correlation coefﬁ-
cient of the GC% content. The average correlation coefﬁcient and
the variance were statistically analyzed for 1000 random samples
of each pair.
2.4. Relationship between the correlation coefﬁcient and fossil records
There were two kinds of dates of the branching points: mini-
mum age constraint and maximum age constraint. Together, thesetwo dates provide a possible time range of the branching points.
We only used the minimum age constraint as the date of the
branching points because fossil records provide a good minimum
age constraint but a poor maximum age constraint [12]. The data
from fossil records and correlation coefﬁcient were used as two
variables to construct several scatter diagrams that would illus-
trate the relationship between these two variables. These scatter
diagrams were then subjected to regression analysis.3. Results
3.1. Gene dataset of 21 species
The 21 original datasets were constructed according to the
method. Information (Ensembl Gene ID, Ensembl Protein ID, Asso-
ciated Gene Name and % GC content) of the genes of each 21 spe-
cies can be found in constructed dataset of each species. The total
gene number of each dataset are 37 435, 25 892, 28 920, 24 045,
18 377, 24 580, 20 460, 26 416, 31 804, 27 359, 20 311, 19 321,
21 670, 22 185, 17 858, 20 867, 19 017, 22 320, 20 256, 20 430
and 24 233, respectively, for human, chimpanzee, monkey, dog,
cat, cow, pig, horse, mouse, rat, rabbit, elephant, opossum, platyp-
use, chicken, Reptile, Amphibian, stickleback, medaka, pufferﬁsh,
and zebraﬁsh.
Pairwise comparison and selection of the same ‘‘Associated
Gene Name” records of these 21 datasets would produce new data-
sets that contained information on selected genes. There were 210
pairwise datasets for the 21 species. The number of orthologous
genes of the pair of species is shown in Supplementary Table S1.
3.2. The correlation coefﬁcient of the GC% content
The Spearman correlation coefﬁcient of the GC% content of all
the orthologous genes of each species pair were shown in Table
1, the Pearson and Kendall correlation coefﬁcients were shown in
Supporting File 1. There were no signiﬁcant difference found be-
tween Pearson and Kendall correlation coefﬁcients (t-test,
P = 0.625), whereas there were signiﬁcant difference between Ken-
dall and Pearson/Spearman (t-test, P < 0.01). The pairwise compar-
isons indicated that the species with closer evolutionary
relationships had higher any type of Spearman, Pearson and Ken-
dall correlation coefﬁcients, thus, the correlation coefﬁcients of
the GC% content of each pair appeared to reﬂect the evolutionary
relationship of the compared species.
It should be noted that the gene dataset of the cow is not com-
plete. Most cow genes have not been annotated, so only a few
(from 1000 to 3000) orthologous genes between the cow and other
species could be identiﬁed. However, it seemed that the number of
orthologous genes had little inﬂuence on the correlation coefﬁcient
of the GC% content between the cow and other species. Based on
this observation, we carried out random sampling (see methods)
for 210 pairwise datasets. The average value of the correlation
coefﬁcient of the GC% content was calculated for 1000 random
samples of each pairwise dataset. The Pearson correlation coefﬁ-
cient of the GC% content shows little change even when it is based
on a 10% dataset that was randomly selected from the entire data-
set. For example, the Pearson correlation coefﬁcient of the GC%
content for the human and chimpanzee, whole datasets was
0.9747, and the average value and sample variance of the correla-
tion coefﬁcient for 1000 random samples was 0.9746 and 0.00002.
Cow and zebraﬁsh pair had the least orthologous genes (126) in
random samples and owned the highest sample variance, the three
parameter values of them were 0.1089, 0.1073 and 0.0095, respec-
tively. The results of the average value and sample variance of
Pearson, Spearman and Kendall correlation coefﬁcient for the
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3992 H. Du et al. / FEBS Letters 584 (2010) 3990–39941000 random samples selected from each of the 210 pairwise data-
sets are shown in Supporting File 2, which indicated the correlation
coefﬁcient of the GC% content of the random sampling orthologous
genes could represent those of the whole genome-wide genes.
3.3. Decreasing linear relationship between the correlation coefﬁcient
of the GC% content and the dates of the branching points of the species
pair
The dates of the branching points of each species pair obtained
from fossil records [12] are shown in Supplementary Table S2. We
found an obvious decreasing linear relationship between the
branching date and any type of Spearman, Pearson and Kendall
correlation coefﬁcient of the GC% content of two species (Fig. 1
and Supporting File 1). The Pearson decreasing linear relationship
between the branching date and Spearman correlation coefﬁcient
of the GC% content for ﬁve data assemblies were shown in Fig. 1,
better linear relationship were found in the data assemblies of all
210 pairs of species (a), humans (c) and all the points excluding
those from pairs of ﬁsh (d), the R2 value were 0.858, 0.930 and
0.922, respectively. The Pearson, Spearman and Kendall R2 value
of ﬁve different data assemblies based on Pearson, Spearman and
Kendall correlation coefﬁcient of the GC% content was shown in
Table 2. The Pearson (or Spearman or Kendall) R2 value of same
dataset based on Spearman, Pearson and Kendall correlation coef-
ﬁcient of the GC% content had little changes, which indicated any
type of Spearman, Pearson and Kendall correlation coefﬁcient of
the GC% content could be used to evaluate the relationship be-
tween the branching date and correlation coefﬁcient of the GC%
content. For the same kind of correlation coefﬁcient of the GC%
content, the Pearson and Spearman R2 value were similar for the
(a), (d) and (e) datasets, while were signiﬁcant different for the
(b) and (c) datasets.4. Discussion
Correlation is a bivariate analysis that measures the strengths of
association between two variables. Usually, in statistics, there are
three types of correlation: Pearson, Kendall and Spearman correla-
tion. In the present study, the gene datasets of the 21 species stud-
ied could be regarded as 21 samples, and the GC% content of the
genes in each dataset could be considered as series numbers that
represent the samples. Therefore, the three types of correlation
were used to measure the relationship in terms of the GC% content
of the orthologous genes of the species pair under study. Finally,
the evolutionary relationship of 21 species was evaluated based
on the correlation coefﬁcient of the GC% content. There was a
clearly decreasing linear relationship between the correlation coef-
ﬁcient and evolutionary branching date (Pearson R2 value from
0.730 to 0.933).
It should be noted that the linear relationship between the cor-
relation coefﬁcient and evolutionary branching date is not very
accurate. Firstly the fossil record provide a time period, i.e., a min-
imum age constraint and a maximum age constraint for the
branching data, here, we used minimum branch date. Secondly,
the correlation coefﬁcient among ﬁshes did not match well with
their branching date. However, the linear relationship between
the correlation coefﬁcient and evolutionary branching date is
clearly evident. Whereas, this conclusion is not true for bacterial
species. Bacterial species can be characterized by uniform genome
GC% content [13], and deviation from the uniform GC% content is
even used in detection of horizontally transferred genes [14].
There are two main factors responsible for the change in the
GC% content—selective mutations and neutral mutations [15,16].
Moreover, selective evolution will result in a constant pressure to
Fig. 1. A decreasing linear relationship was observed between the correlation coefﬁcient and branching date. (a) Data points were obtained from all 210 pairs of species. (b)
Data points were obtained from mammals. (c) Data points were obtained from humans. (d) Data points were obtained from all the points excluding those from pairs of ﬁsh.
(e) Data points were obtained from all species excluding ﬁshes. The correlation coefﬁcient among ﬁshes did not match well with their branching date, as indicated by the
circles in (a).
H. Du et al. / FEBS Letters 584 (2010) 3990–3994 3993change the GC% content in genes. The linear relationship between
humans and monkeys (or chimpanzees) suggests that there has
been little change in the GC% content of the most orthologous
genes over a short evolutionary time period (tens of MYA) (Supple-
mentary Fig. S1). In contrast, the GC% content of the most ortholo-
gous genes in humans and those in opossums, Amphibians,
zebraﬁshes, or sticklebacks has undergone substantial changes
over the course of a long evolutionary time period (hundreds of
MYA) (Supplementary Fig. S1). This suggests that neutral muta-
tions have an important effect on the GC content of the most
orthologous genes. The results from the random sample analysis
indicate that the correlation coefﬁcient of the GC% content showslittle change even when it is based on a 10% gene sample. This con-
ﬁrms the notion that only about 1000 orthologous genes are re-
quired to calculate the correlation coefﬁcient of the GC% content
and that the results would be the same as those obtained from cal-
culations on all orthologous genes. However, those orthologs not
sampled randomly, but from the same isochores, might make the
coefﬁcient high, whereas those orthologs from a different isochore
or an isochore with a changed GC% content, would decrease the
coefﬁcient.
The correlation coefﬁcient among ﬁshes did not match well
with their branching date, as indicated by the circles in Fig. 1(a).
The correlation coefﬁcients are lower than expected although these
Table 2
The R2 value of the branching date and correlation coefﬁcient of the GC% content in
different datasets.
Correlation coefﬁcient R2 value
(a) (b) (c) (d) (e)
Pearson correlation coefﬁcient of the GC% content
Pearson 0.865 0.730 0.933 0.920 0.801
Spearman 0.883 0.534 0.742 0.903 0.804
Kendall 0.658 0.363 0.531 0.697 0.576
Spearman correlation coefﬁcient of the GC% content
Pearson 0.858 0.754 0.930 0.922 0.793
Spearman 0.884 0.554 0.742 0.906 0.812
Kendall 0.657 0.382 0.531 0.702 0.583
Kendall correlation coefﬁcient of the GC% content
Pearson 0.855 0.789 0.930 0.920 0.790
Spearman 0.884 0.547 0.730 0.905 0.810
Kendall 0.656 0.375 0.514 0.700 0.578
Note: (a), (b), (c), (d) and (e) represent the datasets described in the Fig. 1. The
Pearson (or Spearman or Kendall) R2 value of same dataset based on Spearman,
Pearson and Kendall correlation coefﬁcient of the GC% content had little changes,
which indicated any type of Spearman, Pearson and Kendall correlation coefﬁcient
of the GC% content could be used to evaluate the relationship between the
branching date and correlation coefﬁcient of the GC% content.
3994 H. Du et al. / FEBS Letters 584 (2010) 3990–3994organisms have a close evolutionary relationship. It is possible that
there are many other factors that inﬂuence the GC% content in
ﬁshes. It had been found each ﬁsh genome of tetraodon, stickle-
back, medaka, and zebraﬁsh presented a distinct distribution of
CpG islands density with chromosome GC content, a pattern was
not found in mammalian genomes. This unique feature might be
caused by genetic (sequence composition evolution) and environ-
mental factors such as water temperature, speed of ﬂow, extent
of light in different depth of water during the long evolutionary
period after the divergence of common ancestor of ﬁshes [17].
Most of all is the water temperature which is known to make a dif-
ference in the genomes of ﬁshes living at high temperatures (40 C)
and those living at lower temperatures (20 C) [4,18]. Therefore,
the correlation coefﬁcient of the GC% content among ﬁsh species
are not a good indicator for their evolutionary relationship. The
R2 value of 0.858 (Fig. 1(a)) will increase to 0.922 if we delete
the correlation coefﬁcient of the pairs of ﬁsh (Fig. 1(d)), which indi-
cated the correlation coefﬁcient of the GC% content among ﬁsh
species inﬂuenced the linear relationship between the correlation
coefﬁcient and evolutionary branching date assuredly.
The R2 value of 0.754 (shown in Fig. 1(b)), which is determined
by regression analysis of the data from mammals, is not as high as
the result obtained when the entire data is evaluated. There are
nine species that share a common ancestor based on the tree of life
[12] in 95.3 MYA. Too many points on 95.3 MYA results in a less
accurate regression analysis.
To summarize, the correlation was used to measure the GC%
content of a animal species pair and to obtain an indicator of their
evolutionary relationship. A decreasing linear relationship be-tween the correlation coefﬁcient and evolutionary branching date
was observed. Our results present a new method for evaluating
animal evolutionary relationships. Inclusion of this new factor in
models used to evaluate animal evolutionary relationships should
be considered.
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